Abstract-This paper proposes a co-optimization generation and distribution planning model in microgrids in which simultaneous investment in generation, i.e., distributed generation (DG) and distributed energy storage (DES), and distribution, i.e., upgrading the existing distribution network, is considered. The objective of the proposed model is to minimize the microgrid total planning cost which comprises the investment cost of installed generation assets and lines, the microgrid operation cost, and the cost of unserved energy. The microgrid planning solution determines the optimal generation size, location, and mix, as well as required network upgrade. To consider line flow and voltage limits, a linearized power flow model is proposed and used, allowing further application of mixed integer linear programming (MILP) in problem modeling. The proposed model is applied to the IEEE 33-bus standard test system to demonstrate the acceptable performance and the effectiveness of the proposed model. 
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This paper presents a co-optimization generation and distribution planning in a microgrid aiming at minimizing the microgrid long-term operation cost while ensuring a reliable supply of loads. One solution to increase the distribution network reliability and prevent load curtailment is to build new distribution lines or to reinforce the existing lines through upgrades. Another solution is to install DERs in strategic locations in distribution network. In this paper, both these solutions are considered simultaneously, allowing the identification of the most viable solution. Various types of DERs are considered in this study in which their optimal size and location are determined through the proposed model. The power flow equations are linearized, using minor approximations, in order to be able to formulate the problem using mixed integer linear programming (MILP). The rest of the paper is organized as follows: Section II presents the outline and formulates the microgrid co-optimization generation and distribution planning problem. Section III presents numerical simulations on a test microgrid, and Section IV concludes the paper.
II. MODEL OUTLINE AND FORMULATION
There are both dispatchable and nondispatchable candidate DGs in the microgrid. Nondispatchable DGs are renewable energy sources such as solar PV and wind. Distributed energy storage (DES) is employed in order to increase the controllability and dispatchability of these energy sources. DES is charged at off-peak hours with low electricity prices and discharged at peak hours when electricity price is high. The microgrid is connected to the utility grid to exchange power as needed and further govern voltage and frequency. One significant feature of the microgrid is its islanding capability which allows operation in the islanded mode in case of any disturbance in the upstream grid. Islanding is defined as a set of scenarios in the planning problem as will be further explained. The microgrid can buy power from the utility grid, associated with positive exchanged power, or sell back the excess power to the utility grid, associated with negative exchanged power which increases the microgrid revenue. A number of candidate distribution lines between predetermined buses are considered in order to alleviate potential congestion in existing lines. The solution of the optimization problem determines the optimal size and location of DERs as well as the installation of lines.
The proposed co-optimization generation and distribution planning problem aims at minimizing the microgrid total planning cost (1) comprising of the investment cost of DERs and distribution lines (IC), the operation cost (OC), and the reliability cost (RC). A discount rate r is considered in order to evaluate the objective in terms of discounted costs, which is appeared in the objective as the present-worth value κt, where κt=1/(1+r)
. It should be noted that the investment cost is calculated annually while the operation and reliability costs are calculated hourly for all hours and days in the planning horizon. The investment, operation, and reliability costs are defined in (2)-(4), respectively.
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The investment cost (2) comprises the investment cost of dispatchable and nondispatchable DGs (derived by multiplying the DGs' annualized capital cost by their installed capacity), investment cost of the DES, and investment cost of distribution lines. The DES investment cost has two components associated with installed power capacity and energy capacity, in which both are calculated as the associated annualized capital cost times installed capacity. The investment cost of line is determined as the given annualized capital cost times a binary investment variable, zl. The binary variable is employed to consider the installation of distribution lines; that is if a candidate line is installed, zl would be one, otherwise it is zero. The operation cost (3) consists of two terms, the operation cost of dispatchable DGs calculated by their generation price times generated power in each hour, and cost of power exchanged with the utility grid, calculated by electricity market price times the amount of exchanged power with the utility grid. Both terms are aggregated over all hours and days in the planning horizon. The reliability cost (4) represents the cost of unserved energy and is defined as the value of lost load (VOLL) times the amount of hourly load curtailment, aggregated over all hours, days, and islanding scenarios in the planning horizon. A comprehensive discussion on VOLL for different types of customers can be found in [13] . The operation and reliability costs are further summed over the considered scenarios (for grid-connected and islanded operation) based on the associated probability. In (3), s=0 represents the grid-connected mode. The objective function (1) is further subject to DERs and power balance constraints (5)- (19) and power flow equations (20)-(28).
DERs and Power Balance Constraints:
A binary decision variable, xim, is used to determine the location of DER installations, which would be one when DER i is installed at bus m, and zero otherwise. Constraint (5) ensures that each DER is connected to only one bus. The total dispatchable capacity should be larger than the microgrid critical load to ensure a reliable supply of loads when operating in the islanded mode (6) . The active load balance equation (7) ensures that the generated power from all DERs and lines connected to each bus plus the exchanged power with the utility grid at the point of interconnection (POI) is equal to the hourly load demand minus the amount of curtailed load. Similarly, the reactive load balance equation (8) ensures that the reactive power from all DERs and lines connected to each bus plus the exchanged reactive power with the utility grid is equal to the amount of hourly reactive load. The exchanged power with the utility grid is limited by the capacity of the line connecting the microgrid to the utility grid (9) . The amount of hourly generated power of dispatchable DGs cannot exceed their installed capacity (10) . The hourly power generated by nondispatchable DGs is determined by a normalized forecasted generation times the associated installed capacity (11) . Additionally, installed DG capacity cannot exceed its allowable installation capacity limits (12) , which is determined based on budget or space limitations. The load shedding at each bus cannot exceed its hourly load demand (13) . The DES constraints are represented in (14)-(19). The DES power in both discharging and charging modes is limited by its installed power capacity (14)- (15) . The DES stored energy is determined based on the net charged power, efficiency, and the stored energy in previous hours (16) . Additionally, the DES net charge is assumed to be zero at the end of each day in the planning horizon (17) . Finally, the installed DES power and energy capacity are limited by its allowable power and energy capacity limits, respectively (18)-(19). 
The linear active and reactive power flow equations for distribution lines are represented by (24) and (25), respectively. If a candidate line is not installed, zl would be zero, and (24)-(25) would be relaxed. Therefore, the real and reactive powers passing through the lines would be zero according to (26) and (27). Likewise, if the solution of the optimization problem is to install a line, zl would be one, and real and reactive powers would be respectively determined by (24) and (25) with the limits imposed by (26) and (27). It should be noted that (24) and (25) are not linear, and are solved in a two-stage fashion.
The term ∑ △ ∈ is considered zero in stage one, and then by finding △ , this term will be replaced, and the problem is solved again in stage two. Finally, the voltage magnitudes at all buses cannot exceed their minimum and maximum limits (28).
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III. NUMERICAL SIMULATIONS
The IEEE standard 33-bus test system, as shown in Fig. 1 is used for microgrid installation. This system comprises 33 buses, 32 distribution lines, and 32 loads, with a maximum initial aggregated load of 2.7 MW [14] . Tables I, II and III show the characteristics of candidate DGs, DES, and distribution lines, respectively. As renewable DGs have a negligible operation cost, their cost coefficient is assumed to be zero. The investment cost of the candidate lines is calculated based on studies in [16] . The hourly load demand, renewable generation, and market price data are forecasted based on the historical data from a practical system [14] . The DES efficiency is assumed to be 95%. The planning horizon is 20 years. No islanding scenarios are considered in simulations, meaning that the microgrid operates in grid-connected mode at all times. However, the proposed model can efficiently consider islanded operation. The microgrid planning problem is implemented on a high performance computing server consisting of four 10-core Intel Xeon E7-4870 2.4 GHz processors. The problem is formulated by MILP and solvedtabl by CPLEX 12.6 [17] , with average running time of 70 minutes. Following cases are studied. Case 0: Base case microgrid planning Case 1: Sensitivity analysis on the ratio of critical loads Case 2: Sensitivity analysis on load demand Case 3: Sensitivity analysis on market prices Case 0: The ratio of critical loads to total load is considered to be 40% for all operation hours. It is assumed that DGs 1-6 can be installed in buses 17, 21, 32, 24, 15, and 15, respectively, as end lines have lower capacity and congestion is more likely. It is further assumed that the DES can be installed in bus 15. The microgrid planning solution would install dispatchable DGs 3 (with 0.65 MW capacity) and 4 (with 0.44 MW capacity) as well as the solar unit (with 0.48 MW capacity). No candidate lines are installed in the base case. The total planning cost is $9,462,578 with a cost breakdown of $1,310,805 for the investment cost and $8,151,773 for the operation cost. Case 1: The impact of changing the ratio of critical loads, β, on planning results is studied in this case. The microgrid planning is studied two scenarios, with and without allowing installation of candidate lines, and results are tabulated in Table IV . The total dispatchable capacity increases by increasing the ratio of critical loads as the microgrid should be able to seamlessly supply critical loads. Therefore, the microgrid investment cost increases too by increasing β, as shown in Table V . By increasing the ratio of critical loads from 0 to 60%, none of the candidate lines are installed, but by increasing β to 0.8 and 1 (meaning all loads are considered as critical), lines 34, 35, and 39 are installed. The investment cost suddenly increases in comparison with the case without line installation. If there is no critical load in the microgrid (associated with β=0), only the solar unit is installed, but none of the dispatchable units, meaning that importing power from the utility grid is more economical than installing local DGs. It is worth mentioning that for the ratio of critical loads at 80% and 100%, a larger capacity of solar unit is also installed when the line installation is considered (increased from 0.48 MW to 0.78MW). The reason is that the solar unit is installed in bus 15, and lines 34 and 35 are respectively between buses 13-14 and 14-15, thus can help with transferring the additional generated power. As total load does not change, there would be excess power to sell back to the utility grid, which causes the operation cost to decrease. As the increase in the investment cost is higher than the decrease in the operation cost, the planning cost would increase by increasing the ratio of critical loads. According to results, the planning cost would decrease in case of the installation of candidate lines, which means the simultaneous installation of DERs and distribution lines would be more economical. It should be noted that DES is not installed for any ratio of critical loads. Case 2: In this case, a sensitivity analysis of planning results with respect to the load demand is carried out. The installed DER capacity and installed lines are represented in Table VI .
The hourly load in all years is increased by up to 100%, investigating additional cases with different load growth rates. As expected, by increasing the load demand, more DER capacity should be installed, which causes the investment cost to increase (Table VII) . It should be noted that among dispatchable DGs, units 3 and 4, despite their higher capital costs, are installed first because they are associated with a lower cost coefficient compared to that of units 1 and 2. Also, following more than 60% increase in the load, the microgrid planning solution would install candidate lines, as represented in Table VI , which causes a sudden increase in the investment cost. On the other hand, by increasing the total load, more power is generated by DGs, and more power would be imported from the utility grid, which cause the operation cost, and hence the planning cost, to increase. Tables  VIII and IX . By 20% decrease in the market price, the total dispatchable capacity would remain unchanged, but unit 1 is also installed as its capital cost is relatively low, and as the market price has decreased. Therefore, it is financially beneficial to dispatch unit 1 instead of increasing the installed capacity of units 3 and 4. By 40% decrease in market prices, units 3 and 4 are not installed anymore, but unit 1 is installed with a higher capacity, as its annualized investment cost is lower. By additional reduction in the market price up to -80%, the solar unit is not installed either, and only a capacity of 1.09 MW of unit 1 is installed. This is due to the very low market price which makes it more economical to buy power from the utility grid. Unit 1 is installed in this case for the mere purpose of supplying critical loads. On the other hand, by increasing the market price, it would be desirable for the microgrid to generate more power in order to sell back to the utility grid (associated with negative exchange power with the utility grid in many hours), which causes the operation cost to drop. Therefore, more DG capacity would be installed. For more than 40% increase in the market price, a number of distribution lines become congested, therefore, candidate lines are also installed, which would cause an increase in the investment cost. By increasing the market price, the decrease in the operation cost would be more dominant over the increase in the investment cost, so the planning cost would increase and then decrease. As shown in Table IX , for the values of percentage change in market prices that candidate lines are installed, the planning cost is lower than the case without allowing the installation of candidate lines. It means that the simultaneous installation of DGs and candidate lines would be economically more viable than installation of only DGs. Also, it should be mentioned that the DES is not installed for any change in market prices. 
IV. CONCLUSION
A microgrid co-optimization generation and distribution planning was proposed in this paper, with the objective of determining the optimal DER generation mix and upgrading the network by building new lines. The nonlinear power flow equations were linearized to formulate the problem by MILP. The problem was tested on the IEEE 33-bus standard system, demonstrating the sensitivity of the planning results with respect to various planning factors, including the ratio of critical loads, total aggregated load, and electricity prices. Obtained results advocated that microgrid planners can ensure better planning economics by considering a simultaneous expansion in generation and distribution as opposed to traditional models focused only on generation expansion.
